The lateral superior olive (LSO) is one of the most peripheral auditory nuclei receiving inputs from both ears, and LSO neurons are sensitive to interaural level differences (ILDs), one of the primary acoustical cues for sound location. We used the virtual space (VS) technique to present over earphones broadband stimuli containing natural combinations of localization cues as a function of azimuth while recording extracellular responses from single LSO cells. The responses of LSO cells exhibited spatial receptive fields (SRFs) in azimuth consonant with their sensitivity to ILDs of stimuli presented dichotically: high discharge rates for ipsilateral azimuths where stimulus amplitude to the excitatory ear exceeded that to the inhibitory ear, rapidly declining rates near the midline, and low rates for contralateral azimuths where the amplitude to the inhibitory ear exceeded that to the excitatory ear. Relative to binaural stimulation, presentations of the VS stimuli to the ipsilateral ear alone yielded increased rates, particularly in the contralateral field, confirming that the binaural SRFs were shaped by contralateral inhibition. Our finding that LSO neurons respond to azimuth consistent with their ILD sensitivity supports the long-held hypothesis that LSO neurons compute a correlate of the ILD present in free-field stimuli. Only weak correlations between the properties of pure-tone ILD functions and the SRFs were found, indicating that ILD sensitivity measured at only one sound level is not sufficient to predict sensitivity to azimuth. Sensitivity to spatial location was also retained over a wide range of stimulus levels under binaural, but not monaural, conditions.
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Because the ear has no mechanism to sense sound location directly, it must be computed centrally, and localization in the horizontal dimension depends on the comparison of small differences in the sounds arriving at the two ears. The superior olivary complex (SOC) consists of several nuclei suited to separately encode the binaural cues to location: interaural time differences (ITDs), and interaural level differences (ILDs). The importance of the SOC nuclei for localization has been revealed in behavioral studies where lesions of their primary afferents (Masterton et al., 1967; Moore et al., 1974; Casseday and Neff, 1975; Thompson and Masterton, 1978; Jenkins and Masterton, 1982) or cell bodies (Kavanagh and Kelly, 1992 ) disrupt behavioral localization performance. Two SOC nuclei, the medial superior olive (MSO) and lateral superior olive (LSO), represent the major peripheral sites in the auditory pathway to receive converging inputs from both ears (Irvine, 1986) . The MSO is thought to encode ITDs (Goldberg and Brown, 1969; Yin and Chan, 1990) , whereas the LSO, the focus of the experiments here, has been hypothesized to encode ILDs (Boudreau and Tsuchitani, 1968) .
LSO cells receive excitatory input from the glutamatergic spherical bushy cells of the ipsilateral anteroventral cochlear nucleus (AVCN) (Warr, 1966; Glendenning et al., 1985; Shneiderman and Henkel, 1985; Cant and Casseday, 1986; Smith et al., 1993) and inhibitory inputs indirectly from the contralateral VCN globular bushy cells via the ipsilateral medial nucleus of the trapezoid body (MNTB) (Morest, 1968; Warr, 1972; Tolbert et al., 1982; Glendenning et al., 1985; Smith et al., 1991 Smith et al., , 1998 . The projection of MNTB to LSO is tonotopic (Elverland, 1978; Glendenning et al., 1985; Spangler et al., 1985; Smith et al., 1998) , matching the tonotopic arrangement of LSO cells (Tsuchitani and Boudreau, 1966; Guinan et al., 1972) , and is glycinergic (Moore and Caspary, 1983) . Consequently, LSO cells are ILD-sensitive because ipsilateral sound-evoked excitatory (E) responses can be inhibited (I) by sound at the contralateral ear; we call these IE cells to distinguish them from EI cells found in supraolivary nuclei. The contralateral inhibition depends not only on the intensity but also the onset time of the contralateral relative to the ipsilateral stimulus (Galambos et al., 1959; Boudreau and Tsuchitani, 1968; Caird and Klinke, 1983; Sanes and Rubel, 1988; Joris and Yin, 1995; Park et al., 1996; Batra et al., 1997) .
It has been widely believed that the functional role of the LSO is to encode a correlate of the ILDs present in free-field sounds. Yet, the actual spatial-location coding ability of LSO cells has never been investigated. To overcome the difficulties of recording from the LSO while presenting free-field stimuli, we used a hybrid approach, the virtual acoustic space (VS) technique (Wightman and Kistler, 1989a; Brugge et al., 1994) , to present over earphones precisely controlled stimuli containing all the acoustical cues to location in their natural combinations. Here we test the longstanding hypothesis that single LSO cells respond to variations in sound source azimuth in a manner consistent with their IE binaural nature.
Preliminary results have appeared (Tollin and Yin, 1999) .
MATERIALS AND METHODS
General. Adult cats with clean external ears were initially anesthetized with ketamine hydrochloride (20 mg / kg) along with acepromazine (0.1 mg / kg). Atropine sulfate (0.05 mg / kg) was also given to reduce mucous secretions. A venous cannula was implanted in the femoral vein through which supplemental doses of sodium pentobarbital (3-5 mg / kg) were administered as needed to maintain areflexia. The cat's temperature was continuously monitored with a rectal thermometer and maintained with a heating pad at 37°C, and a tracheal cannula was inserted. Both pinnae were cut transversely, removed, and tight-fitting hollow earpieces were fitted snugly into the external auditory meati. Polyethylene tubing (30 cm, 0.9 mm inner diameter) was glued into a small hole made in each bulla to maintain normal middle ear pressure. A ventral transpharyngeal approach was used, and the L SO was accessed by drilling small holes into the basioccipital bone. Small slits were then made in the dura through which parylene-coated tungsten microelectrodes (1-2 M⍀; Microprobe, C larksburg, MD) were advanced ventromedially to dorsolaterally at an angle of 26 -30°into the brainstem by a hydraulic microdrive affixed to a micromanipulator that could be remotely advanced outside the double-walled sound-attenuating recording chamber. Electrical activity was amplified and filtered (300 -3000 Hz). Unit responses were discriminated with a BAK Electronics Inc. (Germantown, MD) amplitude-time window discriminator, and spike times were stored at a precision of 1 sec. Several basic physiological response properties were measured for each single fiber or cell encountered. After the excitatory ear was determined, the characteristic frequency (CF), spontaneous activity, and threshold were measured using an automated threshold tracking routine. Poststimulus time, interval, and period histograms, and rate and synchronization measures were then obtained for CF tones at different sound pressure levels (SPL s) in 5-10 dB steps and displayed on-line.
Histolog y. In many experiments, electrolytic DC lesions were made to differentiate electrode tracks, mark locations of interest, and assist in estimating tissue shrinkage after histological processing. At the conclusion of each experiment, the brain was fixed in formaline by immersion or perf usion through the heart. The fixed tissue was cut into 50 m frozen sections and stained with cresyl violet so that electrode tracts and lesions made during the recordings could be seen.
Stimuli. All stimuli were generated digitally at 16-bit resolution and converted to analog at a rate of 100 kHz. Overall stimulus level was controlled using custom-built programmable attenuators. The conditioned output of the digital-to-analog (D/A) converter was sent to an acoustic assembly (one for each ear) comprising an electrodynamic speaker (Realistic 40 -1377), a calibrated probe-tube microphone (Bruel and Kjaer 1 ⁄2 in), and a hollow earpiece that was fit snugly into the cut end of the auditory meatus and sealed with Audilin. The hollow earpiece accommodated the small probe-tube microphone by which the sound delivery system to each ear was calibrated for tones between 50 Hz and 40 kHz in 50 Hz steps. The calibration data were used to compute digital filters that equalized the responses of the acoustical system and typically yielded flat frequency responses within Ϯ2 dB for frequencies Ͻ25 kHz.
Tone bursts of varying frequency were used as search stimuli with the SPL of the tone to the ipsilateral ear being 5-10 dB higher than the tone to the contralateral ear so that the I E cells of the L SO would not be missed. Once a single unit was isolated, its CF and threshold level were estimated. Rate level f unctions were measured by presenting 200 repetitions of a 50 msec tone pip at CF (3.9 msec rise -fall times) every 100 msec from which the resulting peristimulus time (PST) histograms were examined. A tonic response with "chopping," or multiple modes unrelated to the frequency of the stimulus is characteristic of most L SO cells (Tsuchitani, 1982) . To quantif y the regularity, the coefficient of variation (C V), which is the ratio of SD of interspike intervals to the mean interval, was computed from the intervals occurring during the first 25 msec of the CF tone (Young et al., 1988) . The bin width was 0.2 msec. To determine the presence and nature of any binaural interaction, a CF tone or broadband noise (300 msec duration presented every 500 msec with a rise -fall time of 4 msec) was presented to the ipsilateral ear at 10 -20 dB above the threshold level while the level of a CF tone or noise presented to the contralateral ear was varied. This procedure reveals whether ipsilaterally evoked neural responses can be inhibited by contralateral stimulation, another hallmark of L SO cells.
V irtual space stimuli. Sound source azimuth was manipulated in these experiments through the use of VS sounds. With VS stimuli, we are able to reproduce over earphones the sound pressure waveforms that would be produced in the ears by free-field sounds (Wightman and K istler, 1989a,b) . The method of synthesizing the VS stimuli was similar to that used in the human psychophysical experiments of Wightman and K istler (1989a,b) and the physiological studies of Poon and Brugge (1993) , Brugge et al. (1994) , and Delgutte et al. (1999) . Here, we used a single token of broadband, Gaussian noise of 200 or 300 msec in duration (4 msec rise -fall times) repeated 20 times every 300 -500 msec, respectively. The same token of noise was used for all experiments. Before being delivered, the noise token was equalized digitally by the calibration filters appropriate for each ear, and then delivered either directly to the acoustical system in the case of non-VS stimuli or preprocessed through digital filters constructed from the head-related transfer f unction (HRTF) measurements made in one cat from the recordings of Musicant et al. (1990) . HRTFs capture the frequency-and direction-dependent interactions with the head and pinna that a broadband sound undergoes as it propagates from the source to the eardrum so that a left-and right-ear pair of HRTFs for a given spatial position embodies all the static acoustical cues to location available from that particular position (Wightman and K istler, 1989a,b) . Thus, for any spatial location, the conditioned noise waveforms presented to the cats in these experiments were the same as those that would have been produced from the same noise token being presented in the free field from that particular location. The VS stimuli were synthesized for azimuths ranging from Ϫ90°to ϩ90°in the horizontal plane in 4.5°steps. Positive azimuths correspond to azimuths contralateral to the recording site.
T wo aspects concerning the synthesis of the VS stimuli required attention. First, the stimuli were bandpass filtered between 2 and 35 kHz because this is the frequency range where the HRTF recordings of Musicant et al. (1990) were most reliable. Therefore, the VS stimuli contained little energy at Ͻ2 kHz. Second, the frequency response of the acoustic delivery system in some cats showed a rapid roll-off at high frequencies, and as a consequence, attempts to digitally equalize the roll-off resulted in poor signal-to-noise ratios because a large portion of the amplitude coding range of D/A converter was allocated to boosting the high-frequency components. For these cats the stimuli were low-pass filtered at 30 kHz to avoid this problem.
Rationale for using virtual space stimulation. It is important to address at this point our rationale for using VS rather than free-field stimulation. First, despite the pivotal role the L SO is hypothesized to play in localization, there have been only a few studies on binaural interaction at this site. And surprisingly, not one of these has investigated the actual spatial-location coding ability of L SO cells. Investigation of location coding in general is limited by difficulties such as placing the positions of the pinnae in a "normal" orientation, generating signals and controlling their direction over a wide range of space at high spatial resolution and knowing precisely the acoustic signals at the two ears. The latter is essential to relate any measured neuronal response to the directiondependent acoustical cues. With free-field sounds, it can also be difficult to separate spatial sensitivity caused by the amplification effects of the pinna at any one ear from binaural influences (Semple et al., 1983) . Previous studies of L SO cells avoided these complications by presenting tones or broadband noise over earphones, so the relative temporal and intensive differences between the signals to the two ears could be precisely defined. But although earphone delivery of signals has been necessary because it afforded independent control over I TD and ILD and has proven usef ul for studying neural mechanisms of localization, such studies have not addressed the contributions of spectral cues or natural combinations of cues. C learly, neither traditional free-field nor earphone approaches allow a complete investigation of the role each acoustical cue to spatial location plays under natural conditions in shaping the neural responses of spatially sensitive cells.
Although azimuthal location was manipulated here by filtering noise through HRTFs measured in only one cat, we believe our use of VS stimulation and of nonindividualized HRTFs does not pose any serious problems for the conclusions reached in this paper for several reasons. First, psychophysical studies have shown that the perception of location by humans (Wightman and K istler, 1989b) and owls (Poganiatz et al., 2001 ) is similar whether stimuli are presented in the free-field or over earphones using the observers' individual HRTFs. Second, although HRTFs in different cats can exhibit differences in the magnitudes of the localization cues (Musicant et al., 1990; Rice et al., 1992; Xu and Middlebrooks, 2000) , simply changing pinnae position can also lead to changes in HRTFs (Middlebrooks and Knudsen, 1987; Young et al., 1996) and in the spatial receptive fields (SRFs) of units in the inferior and superior colliculus and auditory cortex (Middlebrooks and Pettigrew, 1981; Middlebrooks and Knudsen, 1987; Sun and Jen, 1987) . So in animals with mobile pinnae, any measurements of HRTFs will provide just a "snap-shot" of the possible set of HRTFs. On the other hand, variations in the SRFs of inferior colliculus (Keller et al., 1998) and auditory cortical cells (Reale et al., 1996) using HRTFs from different animals were relatively small, and the general features of the SRFs were preserved, provided the HRTFs were similar. Indeed, measurements have shown that some characteristics like I TDs and ILDs can be fairly stable across adult cats (Roth et al., 1980; Irvine, 1987; Martin and Webster, 1989; Rice et al., 1992) .
Here, we used HRTFs to present sounds containing cues that would be present for noise stimuli presented at azimuths in the frontal hemisphere of an adult cat. Moreover, the monaural and binaural relationships between these cues varied naturally with changes in sound source azimuth, a condition that has not been met in previous studies of the L SO. Our main concern about using nonindividualized HRTFs here is whether single units in the L SO are somehow able to "recognize" that the spectral pattern arriving at each ear is different than what might be expected based on the cats' own HRTFs. C learly, such a process would somehow have to separate the spectral characteristics of the acoustic signal from the spectral characteristics imposed by the HRTFs. It seems unlikely at this early stage that specializations sufficient to permit recognition of the broadband spectral patterns of the HRTFs would be present given the narrow range of frequencies over which L SO cells respond.
Recording protocol. Because recording time with each unit was limited, an experimental protocol was followed to maximize the probability of getting usef ul information from each cell. Generally, after determining the CF and threshold for each cell and measuring a monaural rate-level f unction for ipsilateral tones at CF, a tone ILD f unction was measured as described above to determine the binaural nature of the cell. C ells with physiological signatures consistent with L SO (e.g., ILD sensitivity, chopping PST histograms) were then f urther studied with the VS stimuli. First, a rate-level f unction was measured for the VS stimulus located at the midline directly in front (0°azimuth, 0°elevation) delivered to the excitatory ipsilateral ear only. Responses to VS stimuli were then measured under both binaural and monaural conditions as a f unction of azimuth with the stimulus sound level chosen to be 10 -20 dB above the ipsi-ear only threshold determined from the rate-level f unction to the (0°, 0°) stimuli. Discharge rate was averaged over the entire 200 msec stimulus duration. Some rate-azimuth f unctions were smoothed by a threepoint triangular filter. We then explored the importance of each localization cue by manipulating them digitally, the results of which are presented in our companion paper (Tollin and Yin, 2002) . If time permitted, the experiments were repeated with higher stimulus levels. All statistical analyses used nonparametric tests.
RESULTS
Our results are based on detailed recordings of 28 single LSO units in nine cats. The 28 units had CFs Ͼ3 kHz and exhibited physiological signatures consistent with those reported in previous studies of LSO cells: low-spontaneous rates (in spikes per second: mean, 3.9; median, 0.0; SD, 8.89), chopping PST histograms to short tone pips (mean CV, 0.46; median, 0.46; SD, 0.12; range, , and all were inhibited by contralateral stimulation. Histology was available for eight of nine cats, allowing us to verify that 25 of the 28 units were located in the LSO; the three remaining units were from the cat for which histology was not available. The localization of these units as a function of CF was in general agreement with the tonotopic organization of LSO (Tsuchitani and Boudreau, 1966; Guinan et al., 1972) .
LSO units are sensitive to interaural level differences
All units in this study were sensitive to manipulations of ILDs, consistent with IE binaural interaction. Figure 1 demonstrates the ILD sensitivity of one unit that had a CF of 16 kHz and a threshold of 8 dB SPL. Although the spontaneous activity of this cell was higher than average at 24 spikes/sec, its binaural response characteristics were representative of our population of cells. The stimulus delivered to the ipsilateral, excitatory ear was held fixed at 30 dB SPL. Panels A-D show the temporal discharge pattern of the unit, displayed as dot rasters, and the associated poststimulus time histograms (PSTHs) for 20 repetitions of the stimulus as the level of the tone to the contralateral ear was increased to the levels indicated. The inset in panel A, which shows the first 40 msec of the response to short tone pips (50 msec duration) presented to the excitatory ipsilateral ear alone at 22 dB above threshold, demonstrates the characteristic chopping response (CV, 0.28) exhibited by most of our cells. The data points in panel E show the mean discharge rate and Ϯ 1 SEM as the level of the tone delivered to the contralateral ear was varied from 5-55 dB SPL (top abscissa). The decreasing responses with increasing level at the contralateral ear reflect the inhibitory effect of that input. The lower abscissa shows the corresponding ILD (contralateral minus ipsilateral level in dB). The rasters and PSTHs reveal that the ipsilateral sound-evoked activity of the unit decreased as the level of the stimulus to the contralateral ear was increased above 15 dB SPL. Like most units in our sample, at large positive ILDs the ipsi-evoked activity was completely inhibited and also exhibited offset responses, indicating a release from inhibition ( Fig.  1 D) . For this unit, inhibition of the discharge rate below spontaneous levels did not occur until ILD ϭ ϩ5 dB.
All units in this study exhibited contralateral inhibition similar to that shown in Figure 1 , although the ILD at which the discharge rate began to decrease and the slope of the ILD function varied from unit to unit. We took as one measure of the effectiveness of the contralateral inhibition relative to ipsilateral excitation the ILD at which the discharge rate was reduced to one-half the maximum, yielding the half-maximal ILD (see righthand ordinate of Fig. 1 E) . The half-maximal ILD is near the location along the ILD axis of the steepest portion of the ILD tuning function. The half-maximal ILD for the unit in Figure 1 was Ϫ5.5 dB. The median half-maximal ILD for the cells included in this study was Ϫ6.0 dB (mean, Ϫ4.15 dB; SD, 11.06 dB; n ϭ 20). Consistent with the observations from other studies (Boudreau and Tsuchitani, 1968; Sanes and Rubel, 1988; Joris and Yin, 1995; Park et al., 1996) , these data indicate that the bulk of the sensitivity to ILD in LSO cells as determined dichotically with pure tones at CF occurs for stimulus conditions for which the sound level at the ipsilateral ear is greater than that at the contralateral ear.
Contralateral inhibition shapes spatial receptive fields in azimuth
To the extent that the IE nature of the binaural interaction of LSO cells actually governs the sensitivity to variations in sound source azimuth, we expected that as we varied sound source azimuth cells would discharge at most azimuths in the ipsilateral hemisphere, but would be inhibited at large contralateral azimuths. Figure 2 shows an example of the temporal discharge patterns and associated PSTHs for noise stimuli presented from five different virtual space positions on the horizontal plane for the same unit as Figure 1 . Figure 2 A shows the responses in azimuth for the condition in which the stimuli were presented binaurally to both ears (normal). The normal condition approximates traditional free-field presentation of sounds. For sounds located in the ipsilateral hemifield, this unit responded throughout the duration of the stimuli. However, as the source was moved toward the midline, there was a decrease in the response relative to the response to more ipsilateral sources. For sources contralateral to the midline, there were virtually no responses when the stimuli were presented, but there were clear offset responses occurring shortly after the stimulus had been turned off at 200 msec. Offset responses that exceeded the level of spontaneous activity were seen in 9 of 25 cells tested in the normal binaural condition; offset responses were never seen in the normal condition for sources in the ipsilateral sound field or in the ipsi-only condition. The robust discharge for sounds in the ipsilateral field coupled with both the absence of responses during and the offset responses after stimulus presentation for sounds in the contralateral field are indicative of the I E nature of this cell. Thus, increasing the level of the stimulus to the contralateral ear relative to that at the ipsilateral ear by placing the sound sources at more lateral azimuths in the contralateral field inhibits the cell.
Although there were indeed hallmarks of the IE binaural nature of this cell in the responses to the VS stimuli, if given only the responses in Figure 2 A we could not be sure whether the contralateral inhibition actually contributed to the responses. This is because sounds in the field contralateral to one ear have lower sound levels than those in the ipsilateral field, so a drop in discharge rate is expected for cells with monotonic rate-level functions even for monaural cells lacking binaural interactions. To test the hypothesis that the binaural SRFs were shaped by contralateral inhibition, we repeated the measurement of the SRF, but this time presenting the stimuli to only the ipsilateral ear.
Figure 2 B shows the responses as a function of azimuth for the monaural ipsilateral ear only ("ipsi-only") condition. The unit in the ipsi-only condition responds robustly and tonically for stimuli not only in the ipsilateral field but also, to a lesser degree, in the contralateral field, with no offset responses. Because the only difference between the normal and ipsi-only condition was the presence of the stimuli at the contralateral ear, this clearly demonstrates the contribution of the contralateral inhibition on the spatial sensitivity of the cell. Hence, IE binaural interaction governs at least some of the selectivity of this cell to spatial location in azimuth.
Note that both the dot rasters and PSTHs in Figure 2 show temporal synchrony in the responses to the noise stimuli as evidenced by the vertical column of dots in the rasters and peaks in the PSTHs. This synchrony likely results from the synchronization of the responses to the envelope of the same token of the noise stimulus ("frozen noise"), filtered by the HRTF of each spatial location (Keller and Takahashi, 2000) .
Finally, to reveal more completely the binaural interactions exhibited by this unit as a function of the azimuth of the sound, Figure 3 shows the temporal discharge patterns and average discharge rates for azimuths spanning Ϯ90°. Figure 3B shows the dot rasters of responses to the stimuli at 21 different azimuths in the ipsi-only condition displayed continuously from Ϫ90°in the ipsilateral field to 90°in the contralateral field. When the data are presented in this way, it is clear that the unit responds tonically for stimuli presented at virtually every azimuth, but especially for those stimuli presented in the ipsilateral hemifield. Figure 3A shows the raster for the normal condition where offset responses are seen at virtually all azimuths in the contralateral hemifield while no offset responses are seen in the ipsi-only condition. Figure  3C plots the mean discharge rate (ϮSEM) for the two stimulus configurations. We shall call these the ipsi-only and normal azimuthal SRFs. Relative to the ipsi-only condition, the mean discharge rates for the normal condition are suppressed at all azimuths. As predicted from the tone ILD function in Figure 1 E, the response of the cell in the normal condition was suppressed below the spontaneous rate at all contralateral azimuths where the stimuli to the contralateral inhibitory ear would be expected to exceed the stimulus level at the ipsilateral ear. All cells presented in this paper responded to the VS stimuli in a manner similar to that shown in Figures 1-3 , so the data will be presented in terms of the azimuthal SRFs of each cell, as depicted in Figure 3C . Figure 4 shows representative ipsi-only and normal SRFs for four cells that had CFs spanning 7.8 to nearly 30 kHz. It is in this frequency region where ILDs are most prominent and the monaural, spectral cues are believed to be present in the cat (Musicant et al., 1990; Rice et al., 1992) . Like the representative unit shown earlier, each unit shown in Figure 4 responded tonically to the stimuli and was clearly modulated by spatial location with high discharge rates in the ipsilateral sound field, a segment near the midline of rapidly declining rates, and low rates for contralateral sounds. There were two general shapes to the SRFs: (1) sigmoidal (Fig. 4 A,B) and (2) complex (Fig. 4C,D) . Regardless of the shape, at these sound levels, for each unit the binaural normal SRFs generally had shapes similar to the monaural ipsi-only SRFs. However, consistent with IE interaction, the binaural responses at most azimuths in the frontal hemisphere were inhibited relative to the monaural responses at the same azimuths, particularly in the contralateral hemisphere. Note that the net effect of the contralateral inhibition for each unit was to "push" the SRF into the ipsilateral hemifield. Figure 5 shows the normal SRFs for the 25 LSO units tested in this condition; each SRF has been normalized by the maximum discharge rate. Figure 5A shows that the normalized SRFs for most of the units (8/11) with CFs less than ϳ10 kHz had smoothly rising sigmoidally shaped normal SRFs with the response decreasing slightly for ipsilateral azimuths nearing Ϫ90°. Figure 5B shows that most of the units (9/14) with CFs Ͼ10 kHz typically had more complex SRFs with the presence of peaks and dips and a much more pronounced decrease (by Ͼ50% of maximum) in rate for ipsilateral azimuths nearing Ϫ90°. In addition the slopes of the SRFs near ϳ0°azimuth appear to be steeper and tend to fall more toward the ipsilateral sound field for the high frequency cells. To quantify these differences, the properties of the monaural and binaural SRFs for each cell were summarized in three different ways, each of which provides evidence that contralateral inhibition contributes to the SRFs of LSO cells. Ipsi-only SRFs were measured in 21 cells, and normal SRFs were measured in 25 cells; both ipsi-only and normal SRFs were measured in 18 cells.
Spatial receptive field shape depends on unit CF

Population characteristics of spatial receptive fields
In the first metric, we determined the azimuth at which the discharge rate fell to 50% of the maximum rate, the half-maximal azimuth (Delgutte et al., 1999) . The half-maximal azimuth indicates the spatial location of the medial border of the SRFs where it has the steepest slope and therefore indicates the azimuth around which the SRF has the greatest spatial resolving power. As an estimate of the slope of the SRFs, we determined the range of azimuths between 25 and 75% maximum discharge.
The top panels in Figure 6 show the population of halfmaximal azimuths and associated 25-75% ranges for both the normal and ipsi-only SRFs. The bottom panels of Figure 6 show histograms of the half-maximal azimuths over the population of cells. The population data show that the normal SRFs were located more into the ipsilateral sound field than the ipsi-only SRFs and also had smaller 25-75% ranges, and therefore steeper slopes, than the ipsi-only SRFs. This can be seen by comparing Figure 3C. the widths of the bars of the normal to those on the ipsi-only half-maximal azimuths in Figure 6 (top panels). The median half-maximal azimuth for the ipsi-only SRFs was 6.0°, whereas the median for the normal SRFs was Ϫ13
o . The median range of the normal SRFs was 25°(mean, 26.0°; SD, 10.3°) whereas that of the ipsi-only was 33°(mean, 36.6°; SD, 16.8°). The Mann -Whitney U test for 21 ipsi-only and 25 normal SRFs indicates a significant difference between the ipsi-only and normal half-maximal azimuths (U ϭ 127; p ϭ 0.003) and their ranges (U ϭ 162; p ϭ 0.027). These differences between the normal and ipsi-only SRFs did not depend on differences in the CFs of the cells because there were no significant differences in the CFs of the 21 cells for which ipsi-only SRFs were measured and the 25 cells for which normal SRFs were measured (MannWhitney U ϭ 291; p ϭ 0.529).
Second, the binaural nature of these cells was further assessed by calculating the modulation index (MI) ϭ (R max Ϫ R min )/R max , where R max and R min are the maximum and minimum discharge rates, respectively (Delgutte et al., 1999) . The MI varies between 0 and 1 with a value of 0 indicating that the discharge rate of a cell was not modulated at all with changes in sound source azimuth, whereas an MI of 1 indicates that the discharge rate varied between its maximal rate and a rate of 0 spikes/sec. Because of the IE nature of the LSO cells, it was expected that most cells should have binaural MI near 1 because the contralateral inhibition would be expected to suppress even spontaneous discharges (Figs. 1-3) . A Mann-Whitney U test revealed significant differences in the MI between the populations of ipsi-only (mean, 0.935; SD, 0.068; median, 0.969) and normal (mean, 0.977; SD, 0.047; median, 0.997) SRFs (U ϭ 374; p ϭ 0.012). Thus, relative to the monaural condition, the discharge rate of the cells was modulated more completely with changes in azimuth in the binaural condition, consistent with IE interaction. Note, however, that the ipsi-only SRFs in Figure 4 clearly show that, at the sound levels used here [10 -20 dB above threshold for a stimulus presented at (0°, 0°) in the ipsi-only condition], the cells can still be sensitive to azimuth based simply on monaural cues. Presumably, the monaural sensitivity reflects jointly the way the spectral features of the HRTFs change with azimuth and the degree to which the frequency tuning characteristics of these cells resolve these changes.
As a final characterization of the SRFs, two quantitative measures defined by Delgutte et al. (1999) , the binaural interaction strength (BIS) and the binaural interaction type (BIT), were computed. As shown in Figure 4 A, when the normal and ipsi-only responses are plotted on the same abscissa, the curves can potentially define three regions. The BIS is given by (AF ϩ AS)/(A0 ϩ AF ϩ AS) where AF indicates an area of facilitation where the normal binaural response is greater than the ipsi-only monaural response, AS is an area of suppression where the normal response is less than the ipsi-only, and finally A0, an area common to both the normal and ipsi-only responses. The BIS varies between 0 and 1; a BIS of 0 indicates that the normal and ipsi-only responses are identical at all azimuths, whereas a value of 1 indicates that either the normal or ipsi-only response is considerably different than the other one for all azimuths indicating the presence of binaural interaction. The BIT indicates the nature of the binaural interaction and is given by (AF Ϫ AS)/(AF ϩ AS) and takes values between Ϫ1 and 1; a BIT of Ϫ1 indicates that the nature of the Figure 6 . The top panels plot the distribution of half-maximal azimuths ( filled circles) and the ranges of azimuth corresponding to 25-75% of maximum discharge (bars). Data for the normal and ipsi-only conditions are shown in the left and right columns, respectively. Note that the data for each cell is plotted as a function of increasing half-maximal azimuth toward the ipsilateral sound field for both the normal and ipsi-only configurations. As a result, the same cell number in each plot does not necessarily designate the same cell. The bottom panels show histograms of the normal and ipsi-only half-maximal azimuths. The normal binaural spatial receptive fields are located predominantly in the ipsilateral sound field, whereas the ipsi-only receptive fields are located more into the contralateral field. Figure 7 shows the BIT and BIS values of the 18 units for which both ipsi-only and normal SRFs were measured; the dashed lines delineate the classification regions of Delgutte et al. (1999) . The data show that 13 units had responses consistent with the BI classification (two units had values of BIS ϭ 0.3 and BIT ϭ Ϫ1 so that their data points overlapped in Fig. 7 ) with two more with BI equal to Ϫ1.0, although their BIS values placed them in the Mon category. The BI classification is expected for units exhibiting purely IE binaural interaction. Three other units were not classified as BI. One unit was classified as BF&I; this unit had ipsi-only and normal SRFs similar to the unit in Figure 4 A where at large lateral angles in the ipsilateral field, the response to the normal condition exceeded the ipsi-only response, yet the primary binaural interaction over the rest of the field, and to dichotic pure-tone stimulation, was consistent with the BI classification. The remaining two units were classified as BF units because the discharge rate in the normal condition for some azimuths in the ipsilateral field was higher than those for the ipsi-only condition. Although not reflected in the SRFs, both units were clearly IE as assessed from their sensitivity to ILDs measured dichotically with tones at CF. However, the tone ILD function for one of these units indicated that there was little to no effect of the contralateral inhibition on the ipsilaterally evoked responses until the level of the contralateral stimulus greatly exceeded the level of the ipsilateral stimulus. Therefore, the effective ILDs provided by the VS stimuli as a function of azimuth as seen through the frequency selectivity of this unit may not have been great enough to observe the effects of the contralateral inhibition resulting in an SRF that was governed predominantly by monaural influences. For the other unit, it was not clear why the SRF did not show a BI interaction since both the tone ILD and broadband noise ILD functions indicated a clear IE interaction. In summary, almost all of the cells in our sample were classified as BI using the scheme suggested by Delgutte et al. (1999) although there were a few isolated exceptions.
binaural interaction is purely inhibitory (IE or EI binaural interaction), whereas a value of 1 indicates a purely facilitatory interaction (EE binaural interaction). Based on the values of the BIS and BIT indices, Delgutte et al. (1999) classified cells as exhibiting monaural (Mon), binaural facilitation (BF), binaural inhibition (BI), or binaural facilitation and inhibition (BF&I) types of responses.
The determinants of the SRFs
It should be clear that LSO cells are not encoding spatial location per se since they are modulated by changes in azimuth not only binaurally, but also monaurally. Furthermore, as we show below, the discharge rate is also modulated by overall SPL. Rather, the responses of these cells are likely to reflect jointly the absolute sensitivity of each cell to binaural and/or monaural localization cues and the way the magnitudes of the actual localization cues change as a function of azimuth with the VS stimuli as "seen" through the frequency and level selectivity of the cell. For example, one of our LSO cells discussed in the previous section was clearly sensitive to ILD as assessed with tones, but was not as sensitive to changes in azimuth because the range of ILDs over which it was responsive was outside the range of ILDs provided by the VS stimuli as a function of azimuth; hence, its SRFs were determined primarily by monaural level cues at the ipsilateral excitatory ear. It is precisely because LSO cells, or any spatially sensitive neurons in the ascending auditory pathway, respond to a variety of stimulus features that makes it difficult to determine which cue or combinations of cues determines the SRF of the cells. Although we address this question more directly in the companion paper (Tollin and Yin, 2002 ) in which we manipulate directly the ILDs in the VS sounds themselves, it is instructive to look at the other potential "clues" to the determinants of the SRFs in the LSO cell responses.
First, given the IE nature of LSO cells, it is reasonable to expect that their response to changes in stimulus azimuth would reflect the changes in ILD as the azimuth is changed. What is the evidence that these units are being modulated with changes in azimuth specifically by the ILD presented in the virtual space sounds? And can we eliminate the possibility that the SRFs for LSO cells are attributable to the other main binaural cue to sound location, ITDs? After all, several studies have shown that high-CF LSO cells are sensitive to the ongoing ITDs of lowfrequency envelopes of amplitude modulated tones but not ongoing ITDs of the carrier itself (Caird and Klinke, 1983; Joris and Yin, 1995; Batra et al., 1997) . Additionally, LSO cells are also sensitive to onset time differences in transient sounds (Wu and Kelly, 1992; Sanes, 1990; Joris and Yin, 1995; Park et al., 1996) .
Two points indicate that ITDs play only a minor role in shaping the SRFs of LSO units measured with long-duration broadband noise. First, confirming the findings of Joris and Yin (1995) , we found in both units tested that LSO cells were not modulated in any systematic way by ITDs of broadband noises (Fig. 8 A) . Although there was some modulation of the response at very large ITDs, there was virtually no modulation in the range of ITDs expected for the VS stimuli used in these experiments (Ϯ300 sec; Musicant et al., 1990) . Second, Joris and Yin (1995) found that for LSO cells to be modulated by changes in the ITDs of the envelopes of narrowband stimuli, the noise stimuli, and hence the envelopes, of the signals presented to the two ears must be correlated. As a test of the hypothesis, in one unit we measured SRFs with both correlated and uncorrelated noise stimuli. If ITDs in the envelopes of the noise stimuli at the two ears contributed to the azimuthal SRFs for this unit, then the spatial selectivity of the unit should be abolished when envelope ITDs are rendered useless by decorrelating the noise stimuli presented to the two ears. Instead, the shapes of the SRFs are nearly identical for the correlated and uncorrelated conditions (Fig. 8 B) , although there are differences in terms of discharge rate (part of which is attributable to the fact that the root mean square levels of the two stimuli differed by ϳ1 dB and favored the contralateral ear). Together, our observations here along with those of Joris and Yin (1995) support the hypothesis that the major determinant of the SRFs for LSO cells is ILDs.
Next, to what extent does the ILD selectivity of LSO cells to CF tones determine the SRF properties? To address this question, we examined for each cell the relationship between the half-maximal azimuths, ranges, and MIs of the normal SRFs and the half-maximal ILDs and slopes of the tone ILD functions (Fig.  1 E) by computing the Spearman rank correlations between these properties. Recall that tone ILD functions were measured by presenting CF tones to the ipsilateral ear at a level held fixed at ϳ20 dB above the threshold of the units and varying the level of a CF tone presented to the contralateral ear. The analysis presented here was based on the responses of 15 of the 25 cells tested in the normal condition; of the 10 cells not included in this analysis, six had incomplete ILD functions and four had normal SRFs that were not predominantly IE in nature, at least at the sound levels used in the experiments (Fig. 7) . Figure 9A shows the significant correlation between the range of the SRF and the half-maximal ILD (r ϭ 0.72; p ϭ 0.003). Several relationships were apparent, but just missed significance: Figure 9B shows the SRF range and the slope of the tone ILD function (r ϭ Ϫ0.46; p ϭ 0.084); the SRF modulation index and the dynamic range of the ILD function (r ϭ 0.51; p ϭ 0.055); and Figure 9C shows the half-maximal azimuth of the SRF and the half-maximal ILD (r ϭ 0.48; p ϭ 0.068). Not enough noise ILD functions were measured for a corresponding analysis with noise.
Here we briefly probe further whether the selectivity to tone ILDs of the cells can be used to determine directly the SRF properties. First, we measured the ILDs actually present in the HRTFs of Musicant et al. (1990) used to generate the VS stimuli for this study through 1/6-octave filters centered on the CFs of the same 15 cells. For these CFs, which ranged from 7.8 to 29.86 kHz, we found a nearly linear relationship between azimuth and ILD for Ϫ45°to ϩ45°, and the mean rate of change of ILD with azimuth over this range for these frequencies was 0.39 dB/ o . The mean half-maximal ILD for these 15 LSO cells as determined dichotically was Ϫ5.6 dB (SD, 8.41 dB). Using the half-maximal ILD of each cell and the rate of change of ILD for the VS stimuli at its CF, we predict a population half-maximal azimuth of Ϫ14.5°(SD, 20.4°) that did not differ significantly from the value of Ϫ14.9°(SD, 8.4) observed empirically (Wilcoxon t ϭ 310; p Ͼ 0.95). But although the ensemble half-maximal azimuths could be predicted, the individual empirical half-maximal azimuth of each cell could not be (Spearman's r ϭ 0.4; p ϭ 0.138). This, along with the analyses above indicates that ILD selectivity of each LSO cell as measured dichotically with tones at the CF of each cell and at only one overall sound level cannot be readily generalized to azimuthal spatial selectivity; that is, the properties of the tone ILD functions cannot always predict the SRF properties.
Our results also confirm ILD measurements of Irvine (1987) and Martin and Webster (1989) , who reported that ILDs for pure tones in cats vary with azimuth monotonically for frequencies up to ϳ8 -10 kHz. And above ϳ10 kHz, ILDs are nonmonotonic generally increasing with azimuth to nearly 45°from the midline, but then declining. The nonmonotonicity in the ILD azimuth functions in those studies is qualitatively similar to the nonmonotonic shapes of the SRFs for high-CF units we observed (Fig.  4C,D) . They also showed that, in general, the rate at which ILD changes with changes in azimuth from the midline increased as the frequency of the tone increased. If these LSO cells are encoding ILD, then we should observe a dependence of the range of the SRFs on the CF of the cells. Confirming the above hypothesis, for the normal SRFs, a significant relation between the CF of the cells and their SRF ranges was found (Fig. 9D ) (Spearman's r ϭ Ϫ0.72; p ϭ 0.002). Paralleling this finding, there was a significant correlation between the rate of change of ILD as computed above for the 15 cells and their CFs (r ϭ Ϫ0.57; p ϭ 0.024).
In addition, we also computed the rate of change of the sound level at one ear through 1/6 octave filters centered at the CFs of the 21 cells tested in the ipsi-only condition. The mean monaural rate of change was 0.18 dB/ o , approximately half that of the ILD. Although there was a significant relation between the monaural rate of change of level and CF (r ϭ Ϫ0.57; p ϭ 0.007) similar to that above for ILD, no such relation existed between CF and ipsi-only SRF range (r ϭ Ϫ0.07; p ϭ 0.75). This analysis reveals that the acoustical cues provided by the VS stimuli are in accordance with the differences in the ranges of the SRFs observed under the ipsi-only and normal stimulus conditions and provides evidence that the SRFs in the normal binaural condition were determined predominantly by ILDs.
It has not escaped our notice that across-frequency effects may have contributed to findings that the properties of the tone ILD functions cannot always predict the SRF properties. Although there is evidence of LSO IE units with ipsilateral off-CF inhibitory sidebands (Brownell et al., 1979; Caird and Klinke, 1983) , we believe that, for the most part, the effect of such influences in our sample of units was generally quite small. One important difference between our preparation and that of Brownell et al. (1979) is that we used a barbiturate anesthetic, whereas they used an unanesthetized decerebrate preparation. And in both units tested, Brownell et al. (1979) found that ipsilateral inhibitory sidebands disappeared after the administration of a barbiturate anesthetic so it is possible that the barbiturate anesthetic used here weakened the influence of any ipsilateral off-CF inhibition in most units. We did not routinely assess the presence of inhibitory side bands, but such ipsilateral sidebands might have been the cause of the BF response types we observed in two LSO cells (Fig. 7) .
Effect of sound level on spatial receptive fields
In nine cells, the effect of changing the stimulus level on the properties of the SRFs was measured. Figure 10 shows how the monaural ipsi-only SRFs and the binaural normal SRFs were affected by increases in sound level in four units with CFs spanning from 8.4 to ϳ30 kHz. Sound levels shown in the figure are relative to the threshold sound level for the condition in which the stimuli were presented monaurally to the ipsilateral ear at (0°, 0°). As the level was increased, there were marked changes in the ipsi-only SRFs with the discharge rates increasing substantially at virtually all azimuths, particularly in the contralateral field. The discharge rate of the normal SRFs also increased, but nearly always only in the ipsilateral field, not in the contralateral. Thus, the monaural SRFs were not as robust to increases in level and Open and filled symbols indicate the ipsionly and normal stimulus conditions, respectively. The parameter is the overall stimulus level above the threshold level for the ipsi-only condition measured at (0°, 0°). The SEM is not shown in this figure. often saturated at high levels even for locations in the contralateral sound field, and LSO cells are able to code information about sound source azimuth over a wider range of stimulus levels when stimulated binaurally.
The effect of stimulus level on the SRFs was quantified by computing the half-maximal azimuth for the normal and ipsi-only SRFs at each sound level tested. For seven of nine units, only small changes (mean, 0.73°/dB) in half-maximal azimuth were found in the normal SRFs for changes in sound level over a 10 -30 dB range, with the half-maximal azimuths expanding into the contralateral sound field. The two remaining units had halfmaximal azimuths that moved slightly into the ipsilateral field with increasing sound level (less than Ϫ0.8°/dB). The ipsi-only SRFs were much more sensitive to stimulus level with discharge rates often saturating at many azimuths. The change in halfmaximal azimuth with level was always greater in the ipsi-only condition than the normal condition; on average, the effect of level on ipsi-only half-maximal azimuth was 5.0 times greater than in the normal. The 5:1 ratio is clearly an underestimate because for several cells, half-maximal azimuth for the ipsi-only condition could not be determined at large sound levels because its responses never dropped to Ͻ50% of the maximum discharge rate. Increasing level generally increased the BIS of the cell but did not change the BIT. Hence, our classification of the two units shown in bottom left of Figure 7 as monaural may be attributable to our having presented the VS stimuli at a relatively low sound level.
We also examined the effect of stimulus level on the other characteristics of the SRFs. For all but one unit, the normal SRF range increased with stimulus level but by Ͻ2 o /dB (mean, 0.81°/ dB; N ϭ 9). The range of the remaining unit decreased by Ϫ0.6°/dB; it was one of the units whose SRFs moved slightly into the ipsilateral field with increasing level. The MI remained fixed at a value of 1.0 for 3 units, increased in 5 units, and decreased in 1 unit. The latter unit was not one of the two units whose SRF properties changed differently.
These findings are consistent with those of Boudreau and Tsuchitani (1968) , who found that the LSO generally encodes a correlate of the relative difference in level between the stimuli at the two ears (i.e., ILD). But they also showed that ILD sensitivity was affected by the overall level of the stimuli presented to the two ears. In six of the cells included in this study, we measured CF tone or noise ILD functions at two or more levels. The normalized ILD functions for each of these cells were shifted toward more negative ILDs as the base level of the stimulus to the ipsilateral ear was increased, but by less than would be expected if the cells were simply computing a fixed ILD. Consistent with our observations, Tsuchitani and Boudreau (1969) also showed that, given a fixed ILD, L SO cells can also be sensitive to the overall sound level of the two stimuli with discharge rates generally decreasing with increasing overall level. These data suggest that as overall stimulus level increases the strength of the contralateral inhibition generally increases relative to the ipsilateral excitation. This is opposite to what we observed when the overall levels of the VS sounds were increased; half-maximal azimuth moved toward the contralateral field as the level of the stimuli was increased. Again, it appears that pure-tone ILD sensitivity is not always sufficient to generalize to spatial location sensitivity.
Can sensitivity to azimuth in LSO IE units account for sensitivity to azimuth in IC EI units?
Although the LSO projects bilaterally to the dorsal nucleus of the lateral lemniscus and the inferior colliculus, anatomical studies have revealed a large excitatory projection from the middle and median limbs of the LSO to the contralateral IC (Roth et al., 1978; Glendenning and Masterton, 1983; Saint Marie et al., 1989; Glendenning et al., 1992; Oliver et al., 1995; Oliver, 2000) . To the extent that these cells govern the responses of the IC cells to which they project, the spatial tuning of cells in the LSO could account for the spatial tuning in the contralateral IC. Delgutte et al. (1999) recently measured spatial sensitivity of cells in the IC of the cat using VS stimuli synthesized from the same HRTFs used here. Approximately one-third (35 of 102) of the units in that study exhibited response types that were consistent with purely EI binaural interaction; that is, responses that were generally inhibited under binaural stimulation relative to stimulation of the contralateral excitatory ear in isolation. Figure 11 shows a histogram of the half-maximal azimuths of the SRFs from our population of LSO units (which all exhibited IE binaural interaction) and the half-maximal azimuths from a subgroup of the population of IC cells from the study of Delgutte et al. (1999) that exhibited EI interaction, that is, the IC units that exhibited the BI binaural interaction response type. One of these 35 IC units was omitted because its response did not fall to Ͻ50% of maximum response. To account for the midline-crossing projection of the LSO to the contralateral IC, the half-maximal azimuths for the population of LSO units in Figure 11 have been reflected around the midline to account for the EI nature of the IC units. The comparison reveals that the overall range of half-maximal azimuths encompassed by the LSO SRFs accounts for 74% of the half-maximal azimuths obtained for the IC units.
If a population of LSO units like that here provides direct input to EI cells in the contralateral IC, then the properties of the SRFs should also be similar. A Mann-Whitney U test revealed that, although there were no significant differences in the SRF range parameters between these two populations (N ϭ 59; U ϭ 462; p ϭ 0.57), the differences in the half-maximal azimuths reached significance (N ϭ 59; U ϭ 289; p ϭ 0.037). The data in Figure 11 show that many cells in the IC have SRF half-maximal azimuths well into the contralateral sound field, and no cells in the LSO Figure 11 . Histogram of half-maximal azimuths of SRFs measured using similar stimuli in LSO and the 34 IC cells from the study of Delgutte et al. (1999) exhibiting predominantly EI binaural interaction. The halfmaximal azimuths of the LSO cells have been reflected about the midline.
had comparable half-maximal azimuths in the ipsilateral field. Thus, although the spatial response properties of the IE LSO cells can account for much, but not all, of the spatial selectivity of the EI cells in the contralateral IC, other supraolivary mechanisms must play a role as well.
DISCUSSION
Contralateral inhibition shapes LSO spatial receptive fields
This is the first characterization of the sensitivity of single LSO units of any species to changes in the azimuth of sounds. All units were modulated by variations in azimuth with larger responses for ipsilateral and poorer responses for contralateral azimuths. For nearly all units, for the sound levels used here, the ipsi-only SRF was similar in shape to the normal SRF, which is not unexpected, because the stimulus level to the ipsilateral ear is higher for ipsilateral azimuths than for contralateral. But binaurally, the effect of the contralateral inhibition was clear, as demonstrated by the increased suppression of responses to frontal and contralateral azimuths and could be measured quantitatively by movement of the half-maximal azimuths toward the ipsilateral field, larger modulation indices, and smaller SRF ranges in the normal SRFs as compared with ipsi-only SRFs. The SRFs of nearly all cells exhibited a binaural inhibition response type. Two supplemental experiments suggested that ILDs and not ITDs were the binaural cues shaping the SRFs in azimuth. Finally, sensitivity to azimuth was retained over a large range of sound levels under the binaural, but not the monaural ipsi-only, conditions. Together, the data support the long-standing but heretofore untested hypothesis that when presented with long-duration broadband stimuli containing all of the monaural and binaural cues to location, high-CF (Ͼ3 kHz) LSO units respond to azimuthal variations consistent with their IE nature as determined dichotically (Galambos et al., 1959; Boudreau and Tsuchitani, 1968; Caird and Klinke, 1983; Sanes and Rubel, 1988; Joris and Yin, 1995) . In other words, LSO cells are encoding a correlate of the ILD present in the stimuli as a function of azimuth.
We found few strong relationships between the normal SRF properties and those of the tone ILD functions. There are several likely reasons for this. First, physiologically, Tsuchitani and Boudreau (1969) showed that ILD sensitivity in LSO is not only a function of the ILD itself, but also the overall sound level. Second, acoustically, as the azimuth of the VS stimuli was changed, the intensity of the sound changed at both ears, creating ILDs by increases in level at the ipsilateral ear caused by amplification effects of the pinna and decreases at the contralateral ear caused by the acoustic shadowing effect (Irvine, 1987) . Here, we measured ILD functions using tones at one fixed level at the ipsilateral ear and did not routinely vary the level at both ears as would be the case under free-field conditions. Finally, Wenstrup et al. (1988) have shown that only with more detailed recordings of the binaural and monaural response characteristics of spatially sensitive cells can the properties of SRFs be predicted. In the same IC cells, they measured both ILD functions dichotically at various overall levels and azimuthal SRFs for free-field sounds. Then using the ILD and overall stimulus level measured at the ears in free-field as a function of azimuth along with the ILD tuning functions, they could predict the SRFs. Their experiment showed that, although ILDs were important in shaping SRFs, so too was the overall level. Like our findings here, their SRFs could not be predicted from the ILD function at any one level alone.
Azimuthal sensitivity in LSO cells is robust to stimulus level
Psychophysical studies have shown that localization performance is relatively invariant over a range of stimulus levels (Altshuler and Comalli, 1975; Recanzone et al., 1998; Macpherson and Middlebrooks, 2000) . The SRFs of LSO cells were also tolerant to increases in sound level so that under binaural, but not monaural, conditions LSO cells have the capacity to encode the cues to location robustly over a range of stimulus levels: the edges of the SRFs were changed five times more under ipsi-only than normal conditions and many half-maximal azimuths could not be measured in ipsi-only SRFs because of response saturation. That is, at high levels under monaural stimulation, LSO cells lose their ability to signal azimuth accurately. It is known that there is at least some ability to localize sounds monaurally, albeit with more error than binaurally (Wightman and Kistler, 1997) , and monaural minimum audible angles (MAAs) (Mills, 1958) are substantially worse than binaural (Hausler et al., 1983) . Our data predict that monaural, but not necessarily binaural, localization and MAAs in azimuth should deteriorate substantially as level is increased.
The role of the LSO in shaping the spatial selectivity observed at higher levels Our data provide a missing link in the study of the neural processing of the location of sounds. It has long been known that cells in the dorsal nucleus of the lateral lemniscus (DNLL) (Brugge et al., 1970) , IC (Semple et al., 1983; Moore et al., 1984; Aitkin and Martin, 1987) , medial geniculate body (Aitkin and Jones, 1992; Barone et al., 1996) , and auditory cortical areas (Middlebrooks and Pettigrew, 1981; Imig et al., 1990; Rajan et al., 1990; Middlebrooks et al., 1998; Recanzone et al., 2000) are often sensitive to changes in sound location, and most spatially sensitive cells respond preferentially to stimuli in the contralateral hemifield. It has generally been believed that these higher-order nuclei derive their "EI-like" spatial sensitivity in large part from the cells in the LSO, because it is known that LSO cells that are sensitive to high frequencies send projections predominantly to the contralateral DNLL and IC (Roth et al., 1978; Glendenning et al., 1981; Glendenning and Masterton, 1983; Shneiderman and Henkel, 1987; Shneiderman et al., 1988 Shneiderman et al., , 1999 Oliver et al., 1995; Oliver, 2000) . Yet, until now, this notion has not been supported by direct measurements of SRFs in LSO cells.
In the cat, the projection from the LSO to the contralateral IC is predominantly excitatory (Saint Marie et al., 1989; Glendenning et al., 1992; Oliver et al., 1995) , and the decussation of ascending LSO efferents effectively converts the IE responses of LSO to EI responses at supra-olivary levels. Here, we showed that LSO cells respond to sound source azimuth in a manner consistent with their IE binaural interaction, and to the extent to which these cells project contralaterally, we would expect to see analogous EI responses in higher-level auditory nuclei. However, the spatial selectivity of only ϳ75% of the IC units displaying EI interaction from the study of Delgutte et al. (1999) could be accounted for by the selectivity seen in our population of LSO units. The SRFs of LSO cells could not account for the large positive half-maximal azimuths displayed by some IC units, even after changing stimulus parameters that affect the properties of the SRFs, such as overall sound level (Fig. 10) . Therefore, supraolivary mechanisms must be present to shape the spatial selectivity of IC units.
Instead of LSO providing all ILD sensitivity, there seems to be a progressive refinement of ILD coding both within and above the level of the LSO. It is likely that the SRFs of IC cells result from the convergence of excitatory and inhibitory inputs of both LSOs and DNLLs. Supporting this notion, EI binaural interaction is still evident in many units in the IC of the rat even when the cell bodies of the SOC have been destroyed by kainic acid (Sally and Kelly, 1992; Li and Kelly, 1992) . Hutson et al. (1991) have indicated several decussating pathways above the SOC that could produce binaural interactions. Moreover, intracellular recordings in IC units show the existence of contralateral excitation and ipsilateral inhibition in the same cell implying bilateral inputs converging on single IC cells (Nelson and Erulkar, 1963; Covey et al., 1996; Kuwada et al., 1997) , and in some IC cells the ipsilateral inhibitory synaptic potentials can be blocked by local application of the GABA-A antagonist bicuculline (Faingold et al., 1989) . Park and Pollak (1994) have demonstrated that local inhibition in the IC, arising most likely from the GABAergic inputs from the DNLL (Faingold et al., 1993) , plays an important role in ILD sensitivity and the formation of SRFs. The DNLL receives excitatory input from the contralateral LSO (Saint Marie et al., 1989; Saint Marie and Baker, 1990; Glendenning et al., 1992; Shneiderman et al., 1999) , sends projections bilaterally to the IC (Shneiderman et al., 1988; Shneiderman and Oliver, 1989) and is comprised of predominantly GABAergic neurons (Adams and Mugnaini, 1984) . In addition, glycinergic neurons of the LSO project to the ipsilateral IC (Glendenning et al., 1985 (Glendenning et al., , 1992 Saint Marie et al., 1989; Saint Marie and Baker, 1990 ) and likely exert an inhibitory effect (Kelly and Li, 1997) . Hence, the excitatory input from the contralateral LSO and the inhibitory influences from the ipsilateral LSO and the contralateral DNLL likely contribute jointly to the binaural selectivity of IC units. Not surprisingly, ILD tuning in LSO and IC cells differs when tested with similar stimuli (Park, 1998) .
In summary, although the SRFs set up initially in the LSO are important, their spatial selectivity does not determine in a oneto-one manner the precise spatial sensitivity of cells higher in the ascending auditory pathway. Rather, the spatial sensitivity conferred by LSO cells provides the foundation on which the SRFs observed in higher-order auditory nuclei are constructed.
